Brief arousals from sleep in patients with sleep apnea and other disorders prevent restful sleep, and contribute to cognitive, metabolic and physiologic dysfunction. Little is currently known about which neural systems mediate these brief arousals, hindering the development of treatments. The basal forebrain (BF) receives inputs from many nuclei of the ascending arousal system. These inputs include the brainstem parabrachial neurons which promote arousal in response to elevated blood carbon dioxide levels, as seen in sleep apnea. Optical inhibition of the terminals of parabrachial neurons in the BF impairs cortical arousals to hypercarbia, but which cell types within the BF mediate cortical arousals in response to hypercarbia or other sensory stimuli is unknown. Here using optogenetic techniques in mice, we show that BF parvalbumin (PV) neurons fulfill several criteria for a system mediating brief arousals from sleep.
INTRODUCTION
Sleep is a reversible state of unconsciousness which promotes optimal function of the brain and body. The reversibility of sleep is important since the reduced awareness of the environment and internal milieu is potentially harmful for the animal. Thus, mechanisms exist to rapidly rouse animals from sleep in the presence of stimuli which indicate danger. Considerable work over the past hundred years has identified multiple interlocking arousal systems, collectively known as the ascending reticular activating system (ARAS; Brown et al., 2012) . However, which of these systems is involved in brief arousals from sleep is poorly understood. One important brain region which may be involved is the basal forebrain (BF). The BF is considered the final node of the ventral arm of the ARAS, since it receives input from multiple arousal systems in the brainstem and hypothalamus and contains several neurotransmitter systems with projections to the cortex (Jones, 2003; Zaborszky et al., 2012; Brown et al., 2012; Lin et al., 2015; Yang et al., 2017) . Recent studies demonstrated that brainstem parabrachial nucleus glutamatergic neurons relay signals about blood carbon dioxide (CO2) levels and mediate arousals from sleep in response to hypercarbia (excessive CO2) Kaur and Saper 2019) . These neurons project to the BF, and optogenetic inhibition of their terminals in the BF markedly delayed arousal from sleep in response to hypercarbia (Kaur 2017) . However, which specific type of BF neurons are involved in brief arousals from sleep in response to hypercarbia and other sensory stimuli is unknown.
The BF is made up of three major neuron populations, broadly defined by their neurotransmitter. The best-known neurotransmitter system within BF is the cholinergic system. However, the BF GABAergic system is the largest, and a major subset of the GABAergic neurons express parvalbumin (PV). Previous studies showed that although stimulation of To be effective in mediating arousal responses to elevated blood CO2 (hypercarbia) or other important sensory stimuli, an arousal system should ideally generate a rapid cortical response, in preparation for a more prolonged period of wakefulness if the threat persists.
However, to not disrupt sleep more than necessary, these arousals should be brief. Thus, in our first set of experiments, we used optogenetic techniques in mice to precisely measure the latency to arousal from sleep, as well as the overall effect on total amounts of sleep, in response to bilateral optical stimulation of BF PV neurons. Subsequently, we used bilateral optical 5 inhibition to directly test whether BF PV neurons mediate arousals from sleep in response to hypercarbia or auditory stimuli. Optogenetic stimulation of BF PV neurons led to rapid cortical arousals but these arousals were mostly brief, resulting in minor changes in total amount of wakefulness and slightly increased wake bout durations, reminiscent of the disruptions of sleep observed in sleep apnea and other sleep disorders. Furthermore, optogenetic inhibition of BF PV neurons delayed or prevented arousals from sleep produced by hypercarbia or auditory stimuli. Thus, BF PV neurons exhibit several properties consistent with a role in mediating brief arousals from sleep in response to hypercarbia and other sensory stimuli.
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RESULTS
BF PV optogenetic stimulation significantly decreased the median latency for transitions
from NREM sleep to wake.
BF PV neurons were bilaterally transduced with a channelrhodopsin2 (ChR2) and These initial results demonstrated that excitation of BF PV neurons reduced the median latency of arousals from NREM sleep. However, these average data do not indicate whether this is an all-or-nothing effect or reflect a shift in the probability of a NREM-to-wake transition.
Probability curve analysis showed a strong drop in the probability that the mice remained in our stimulation protocol produced rapid arousals from NREM sleep, and the resultant wake bout durations were significantly increased. Overall amounts of wake were not profoundly elevated, though, possibly due to the fact that stimulation was applied regardless of vigilance state, and noting the increased probability that animals were awake when exposed to Chr2 stimulation compared to control (mock) stimulation (Figure 1E ).
Histological and immunohistochemical analysis validated the effective and selective
ChR2-EYFP transduction of BF PV neurons, as in our previous studies targeting these neurons Figure 2C ). Transduced neurons were PV-positive, as determined by immunohistochemistry ( Figure 2D) , and similar to that previously reported .
Figure 2E
depicts the fiber optic cannula placement within BF. The ventral tips of the fiber optic cannula, which are presumably the dorsal-most tips of the area of optogenetic stimulation, were located within BF in 13 cases.
Optogenetic inhibition of BF PV neurons inhibits arousals due to hypercarbia
In the next series of experiments, we used optogenetic inhibition with ArchT to test whether BF PV neurons play a role in the arousals from sleep induced by internal or external sensory stimuli. AAV-ArchT-GFP was bilaterally injected into the BF of PV-Cre mice, and optical fibers implanted for ArchT activation (Figure 3A) . Histological and immunohistochemical analysis validated ArchT-GFP transduction of BF PV neurons, similar to our previous studies targeting these neurons . AAV-ArchT-GFP injections transduced neurons and fibers throughout large areas of BF (depicted for one representative case in Figure 3C ). The ventral tips of the fiber optic cannula, indicating the dorsal-most tips of the area of optogenetic stimulation, were located within BF in 6 cases ( Figure 3D) .
One or more months following surgery, mice were placed in a chamber ( Figure 3B) where they were exposed to brief (30s) elevations in the ambient level of CO2, cycling every 5 minutes for four hours during the light period. Under baseline conditions, latency to cortical arousal from NREM was reliably induced by increasing CO2 levels from 1 % to 10% inside the chamber (15.99±1.23 s; Figure 4A ), similar to that reported in Kaur et al., (2013 Kaur et al., ( , 2017 .
Transduced BF PV neurons were optically inhibited bilaterally with 40 s of continuous green light (2mW), with laser illuminations10 s preceding CO2 exposure, and continuing during stimuli exposure (30s). When this hypercarbia stimulus was presented while bilaterally inhibiting BF PV neurons, the latency to arousal was markedly increased (ArchT stim; 25.6±1.04 s; Figure 4B ).
Mean data confirmed that latencies were significantly longer when PV+ BF neurons were inhibited (15.99±1.23 s vs. 25.6±1.04 s; t=6.63 (df6), P<0.001)( Figure 4C) . Probability curve analysis revealed that a greater proportion of late arousals to increasing CO2 occurred with optical inhibition of PV+ BF neurons (Figure 4D) . The probability of remaining in NREM sleep in the presence of CO2 within the stimulation period was significantly elevated when BF PV neurons were inhibited (f=12.19 (df1), P>0.001).
Optogenetic inhibition of BF PV neurons inhibits arousals due to auditory stimuli
Unlike parabrachial neurons, which appear to play a preferential role in mediating arousals to hypercarbia , the BF receives multimodal input from many arousal systems (Brown et al., 2012; Zaborszky et al., 2012) . Thus, we predicted that BF PV neurons would also be involved in the arousal response to other sensory stimuli. Accordingly, in our next series of experiments, we measured latencies to arousal in response to an auditory stimulus which progressively increased in volume from 0 to 20dB above background over a 30 s period ( Figure 5) . Bilateral optical inhibition of BF PV neurons using ArchT was applied similar to that in hypercarbia experiments (ArchT laser light begins 10 s preceding sound stimuli exposure and continues for 30 s during stimuli exposure; every 5 minutes for four hours). Like
DISCUSSION
Physiological systems which mediate arousal from sleep in response to potentially dangerous sensory stimuli are beneficial and important for survival. However, if such arousals occur too frequently or last for longer durations, they can disrupt the restorative aspects of sleep. Such a system must be fast-acting to allow the animal to quickly respond but need not be long lasting. In this study we describe such a role for the cortically projecting BF-PV neurons.
We show that optical stimulations of BF-PV neurons elicit short latency arousals. In contrast optogenetic inhibitions of these neurons increase the latency to arousal in response to internal (hypercarbia) and external (acoustic) sensory signals.
Our optogenetic stimulation experiments here showed that NREM-to-wake arousal latencies were substantially faster than those previously reported for stimulation of cholinergic Ours is the first study to look at any of the subpopulations of wake promoting BF neurons in the response to hypercarbia. We demonstrate for the first time that inhibiting BF PV neurons attenuates arousals from NREM in response to both CO2 and audible sounds. Our 
Sleep scoring and multi-taper analysis for optogenetic excitation experiments. Vigilance
states were scored as one of the following: (1) Wake; active behavior accompanied by desynchronized EEG (low in amplitude), and tonic/phasic motor activity evident in the EMG signal; (2) NREM sleep; more synchronized EEG, higher in amplitude, with particularly notable power in the delta (0.5-4 Hz) band, and low motor activity (EMG); and (3) REM sleep; small amplitude EEG, particularly notable power in the theta (4-9 Hz) band, and phasic motor activity (EMG). Compared to wake, EEG power during REM was significantly reduced in lower delta frequencies (0.5-4 Hz) and increased in the range of theta activity (4-9 Hz).
Measurement of arousals for optogenetic excitation experiments. For optogenetic
stimulations that occurred after at least 10 s of NREM (determined post-hoc during EEG/EMG scoring), the latency to arousal was calculated as the time from the beginning of the stimulation to the end of the last slow wave activity leading to EEG desynchronized activity within 55 s. In < 2% of cases, optogenetic stimulation failed to result in arousal within the next 55s. For such cases, the latency was more than 60 s, extending into the next stimulation period, and not included in evaluations. The median statistic was determined per animal because of the skewed, non-normal distribution of responses. Optogenetic stimulation values were compared with that of the mock-stimulation baseline (BL) day (laser off). We plotted the cumulative probability distribution of remaining in NREM sleep vs. time since stimulation per cycle, averaged for all arousals per case of bilateral optogenetic stimulation (N=14), and compared to all arousals per case of mock (control) stimulation.
Hypercapnia and auditory stimulation experiments.
Mice were recorded in custom built chambers into which CO2 or sounds were delivered (Figure 3C) . Ambient CO2 levels were controlled using a three-channel programmable gas mixer (GSM-3; CWE Inc.) at a flow-rate of 1 L/min. CO2 levels where continuously monitored with a cage mounted CO2 sensor (Cozir Sprint). Auditory stimuli were generated using a custom MATLAB script and delivered via WinEDR software (University of Strathclyde, Glasgow, UK) to cage mounted speakers.
Background and stimulus dB were continuously monitored using a cage mounted microphone (MAX4466; Adafruit). Both CO2 and auditory sensor signals were fed via an Arduino Uno to a recording device (USB-6341; National Instruments). From the onset of recordings, EEG/EMG and gas or sound signals were sampled at 1kHz using WinEDR. This software was also used to control switching on/off the lasers, gas and acoustic stimuli. Activation of inhibitory ArchT was conferred by light delivered from a 532 nm laser (MGL-III-532-100mW; Opto Engine, Midvale, UT), delivered to BF via a fiberoptic patch cable (MFP_200/220/900-0.22_2m_FCM-MF1.25; Doric Lenses) into WinEDR.
Measurement of arousals for hypercapnia and auditory stimulation experiments. For
optogenetic stimulations that occurred after at least 10 s of NREM (determined post-hoc during EEG/EMG scoring), the latency to arousal was calculated visually from EEG records as the time from the beginning of the stimuli presentation (CO2 infusion or sound) to the end of the last slow 
